Introduction
============

Breast cancer (BC) is one of the most common tumours in women, and its morbidity has increased in recent years, especially in China. Postoperative radiotherapy (RT) is widely used in the treatment of BC not only to reduce the risk of loco-regional recurrence but also to improve overall survival [@B1], [@B2]. The main indication for RT in BC is high risk for recurrence, such as stage T1-2 patients undergoing breast-conserving surgery (BCS) or stage ≥ T3 patients undergoing modified radical mastectomy (MRM) or with positive axillary lymph nodes. At present, the main irradiation technique uses tangential fields for the whole breast/chest wall and the ipsilateral supraclavicular field for patients with positive lymph node involvement.

However, lung tissue is inevitably affected by irradiation during RT, and radiation-induced lung injury, one of the most common complications of postoperative RT for BC, seriously affects patient quality of life and even increases non-cancer mortality [@B3], [@B4]. Radiation-induced lung injury typically presents in three sequential pathologic phases: an exudative phase, an organizing or proliferative phase, and a chronic fibrotic phase [@B5]. In the clinic, these injuries are categorized as two distinct, subsequent clinical phases: acute pneumonitis and chronic fibrosis. Symptomatic radiation pneumonitis (SRP) results from acute exudation in the alveolar space and the migration of inflammatory cells. It usually occurs within 3-6 months after RT, and the symptoms include cough, sputum, dyspnoea, fever, malaise, and hypoxia. SRP can regress completely with significant supportive measures, including steroids, oxygen supplementation, or even mechanical ventilation. Even with treatment, SRP can evolve into fibrosis when present at a severe grade and remains potentially fatal. Pulmonary fibrosis is a late injury due to interstitial damage involving the parenchyma and pleura. If the threshold for potential complete restitution is crossed, SRP will develop into pulmonary fibrosis within 6-12 months. Therefore, prevention of SRP is better than treatment. It is important but difficult to accurately predict SRP risk before RT for BC. It has been reported that the risk of SRP is proportional to the volume of lung irradiated as well as the irradiation dose [@B5], [@B6].

The development of three-dimensional conformal radiotherapy (3D-CRT) has improved radiation delivery by increasing the accuracy of tumour targeting and enhancing the dosimetric evaluation of normal tissues. Along these lines, many models have been investigated to predict SRP for thoracic tumours [@B7]-[@B9].

Previous studies have primarily focused on the factors correlated with SRP, such as patient clinical features, dosimetric parameters of the bilateral lung and combined therapies [@B10], [@B11]. However, BC patients mostly receive tangential irradiation of the whole breast/chest wall, and only the ipsilateral lung is irradiated. Thus, precise dose-volume histogram (DVH) evidence and data for the prediction of SRP in the unilateral lung in BC are still lacking. The present study had two main aims: 1) to explore the clinical features of SRP and 2) to evaluate dosimetric parameters with the purpose of identifying useful predictors of SRP in BC patients receiving 3D-CRT with tangential fields.

Material and Methods
====================

Patient selection and clinical features
---------------------------------------

This retrospective analysis was conducted on 515 consecutive BC patients treated with BCS or MRM and postoperative RT between March, 2012, and September, 2015.

The inclusion criteria were as follows: (1) age ≤ 70 years old; (2) postoperative pathological diagnosis of breast carcinoma; (3) postoperative RT initiated after completion of chemotherapy for patients receiving adjuvant chemotherapy; (4) no previous history of respiratory illness and no abnormalities on chest X-ray and/or chest computed tomography (CT) examination prior to RT; (5) treatment with 3D-CRT or "field-in-field" forward intensity modulated radiation therapy (IMRT) and tangential photon fields with conventional fractions (1.8-2.0 Gy/fraction) designed for irradiation of the whole breast/chest wall; (6) RT was designed and accomplished by a full-time radiation oncologist; (7) dosimetric parameters of DVH were available; (8) a minimum of 6 months of follow-up data were available, and there was survival without any recurrence or new metastasis within 6 months after RT.

Data on clinical features and dosimetric parameters of DVH were collected. In total, 230 patients had a right breast tumour: 82 underwent BCS, and 148 underwent MRM. Additionally, 285 patients had a left breast tumour: 92 underwent BCS, and 193 underwent MRM. The median age was 44 years (range, 20-69 years), 294 patients were staged pTis-2N0-1M0, and 221 patients were staged pT1-4N2-3M1. Overall, 20 patients were stage 0, 60 were stage I, 220 were stage II, 213 were stage III, and 2 were stage IV.

Radiotherapy treatment
----------------------

RT was scheduled to start within 1 month after chemotherapy and within 8 weeks after surgery for patients without chemotherapy. Planning CT images were obtained using a spiral CT scanner (Brilliance Big Bore, Philips) with the scan range extended from the cricothyroid to the diaphragm, covering the entire thoracic and supraclavicular fossa region at 5-mm intervals. The patient was placed in the treatment position during image acquisition, and the images were imported into the ADAC Pinnacle3 8.0 (Philips, Eindhoven, Netherlands) treatment planning system. Target volumes were outlined according to the criteria of the International Commission of Radiation Units and Measurements Reports 50 and 62 [@B12], [@B13].

The treatment consisted of two opposed wedged tangential photon beams (4 or 6 MV) for the whole breast/chest wall. The total prescribed dose was 45-50 Gy delivered in 1.8-2.0 Gy/fraction at five fractions/week. For patients who underwent MRM, an 1.0-cm-depth tissue equivalent bolus was used on the chest wall. For patients who underwent BCS, an additional boost irradiation (10 Gy in five fractions) was delivered to the tumour bed using an electron field (6 or 9 MeV). The supraclavicular field was treated with an anterior oblique photon field to a total dose of 45-50 Gy. The border between the tangential fields and the supraclavicular field was typically at the level of 5 mm under the inferior aspect of the clavicular head. In 15 patients, the internal mammary lymph nodes (IMNs) were covered with either extended tangential photon fields or a separate oblique electron field to a total dose of 45-50 Gy.

Other adjuvant treatment
------------------------

Adjuvant chemotherapy was performed before irradiation and included anthracycline-based regimens (CEF/CAF, EC/AC) or taxane-based regimens (TEC/TAC, TE/TA or EC/AC-T). Selective oestrogen receptor modulators (SERMs) or aromatase inhibitors (AIs) were used as endocrine therapy. Some patients with human epidermal growth factor receptor-2 (HER-2)-positive cancer were administered trastuzumab.

Evaluation of SRP
-----------------

To determine SRP levels, chest CT images obtained at baseline (before RT) were compared with those obtained during RT or within 6 months after treatment. Follow-up examinations included chest CT and physical examinations. SRP was diagnosed in patients who developed dry cough, productive cough (sputum), dyspnoea, fever or hypoxia with characteristic CT manifestations in infiltrating range (presence of reticular markings, ground glass opacities, inter/intra lobular septal linear thickening and lung consolidation) corresponding to the radiation portal instead of the pulmonary segments and lobes, with the exception of pulmonary infection, tuberculosis and pulmonary metastasis [@B14], [@B15]. SRP was graded according to the Common Terminology Criteria for Adverse Events v4.03 [@B16].

In order to reflect the relationship between SRP area and RT site, the lung was divided into two regions (i.e., the apex and body) according to the border of the tangential fields and the supraclavicular field. The field above the border was defined as the lung apex, and the field below the border was defined as the lung body [@B9], [@B17].

Dosimetric parameter selection
------------------------------

The patients were divided into two groups as follows: 1. the local-regional irradiation group included 259 patients treated with tangential fields at the breast/chest wall (± IMN irradiation) and irradiation of the supraclavicular field, 2. the simple local irradiation group included 256 patients treated with only tangential fields at the breast/chest wall. Dosimetric parameters were calculated based on the cumulative DVH, including the percentage of lung volume that received doses exceeding 5, 10, 20, 30, and 40 Gy (V5, V10, V20, V30, and V40, respectively) as well as the mean dose (D~mean~) and the max dose (D~max~) to the ipsilateral lung.

Statistical analysis
--------------------

The SPSS statistical software package (version 22.0; IBM Corporation, Armonk, NY, USA) was used to establish a database. Dosimetric parameters of patients with and without SRP were compared using *t* tests. All statistical tests were two-sided, and *p* \< 0.05 was considered statistically significant. The dosimetric predictors for SRP were estimated using a logistic regression model (Method = Backward: LR; probability of entry: 0.05) and receiver operating characteristic (ROC) curve analysis.

Results
=======

Follow-up outcomes and manifestations of SRP
--------------------------------------------

The last follow-up was performed in July 2016. The median follow-up time was 34 months (range, 8-50 months) after the completion of RT.

Radiologic changes due to radiation (grade 1) were detected in 76.1% (197/259) of patients in the local-regional irradiation group and 69.5% (178/256) of patients in the simple local irradiation group. Nineteen patients (3.7%, 19/515) developed SRP (grade 2). The affected sites were only the lung apex in 3 patients, only the lung body in 9 patients and both the lung apex and body in 1 patient (the total involved probability of SRP in the lung apex was 1.5% and 3.9% in the lung body) in the local-regional irradiation group and the lung body in 6 patients (2.3%) in the simple local irradiation group. All cases of SRP occurred from 1 to 4 months after the completion of RT. The symptoms were cough in 9 patients (47.4%), sputum in 7 patients (36.8%), and fever in 3 patients (15.8%). No patients presented with dyspnoea or hypoxia.

Dosimetric parameters for SRP risk
----------------------------------

The mean values of various dosimetric parameters were calculated. V5, V10, V20, V30, V40, and D~mean~ showed significant correlations with SRP by univariate analysis (all *p* \< 0.05) in both groups (Table [1](#T1){ref-type="table"}). In multivariate analysis, V20 and V30 were independent predictors of SRP in the local-regional irradiation group, whereas V20 was the only independent predictor of SRP in the simple local irradiation group (Table [2](#T2){ref-type="table"}).

ROC curve analysis of the local-regional irradiation group
----------------------------------------------------------

As shown in Figure [1](#F1){ref-type="fig"}A, the area under the ROC curve was 0.766 for V20 (*p* = 0.001), and the optimal V20 threshold to predict SRP was 39.8%. To verify the accuracy of this threshold, the 13 patients with SRP were divided into two subgroups based on V20 value: 5 patients were in the V20 \< 39.8% group, and 8 patients were in the V20 ≥ 39.8% group. The incidence of SRP was 2.4% (5/205) in the former group and 14.8% (8/54) in the latter group (*p* = 0.001). Using the threshold, SRP could be predicted with an accuracy of 80.3%, a sensitivity of 61.5% and a specificity of 81.3%.

The ROC area was 0.782 for V30 (*p* = 0.001), and the optimal threshold for V30 was 25.7%. Accordingly, the 13 patients with SRP were divided into two subgroups based on V30 value: 4 patients were in the V30 \< 25.7% group, and 9 patients were in the V30 ≥ 25.7% group. The incidence of SRP was 2.0% (4/202) in the former group and 15.8% (9/57) in the latter group (*p* \< 0.001). Using this threshold, SRP could be predicted with an accuracy of 79.9%, a sensitivity of 69.2% and a specificity of 80.5%.

ROC curve analysis of the simple local irradiation group
--------------------------------------------------------

As shown in Figure [1](#F1){ref-type="fig"}B, the ROC area was 0.885 for V20 (*p* = 0.001), and the optimal threshold of V20 was 20.2%. Accordingly, the 6 patients with SRP were divided into two subgroups based on V20 value: 2 patients were in the \< 20.2% group, and 4 patients were in the V20 ≥ 20.2% group. The incidence of SRP was 0.9% (2/225) in the former group and 12.9% (4/31) in the latter group (*p* \< 0.001). Using this threshold, SRP could be predicted with an accuracy of 88.7%, a sensitivity of 83.3% and a specificity of 89.6%.

Discussion
==========

SRP significantly affects the quality of life of BC patients who receive postoperative RT and could even lead to the development of pulmonary fibrosis and lung function decline. Previous studies have shown that SRP can manifest as cough, sputum, or fever, and in severe cases, patients can present with dyspnoea and hypoxia **[@B10], [@B14].** In the cohort examined in the present study, the manifestations of SRP were milder than expected and may have been atypical. Most patients with SRP developed only respiratory symptoms consisting of cough (47.4%) and sputum (36.8%). The incidence of fever (15.8%) was low, and no patients exhibited symptoms of grade 3 or higher SRP, such as dyspnoea or hypoxia.

Previous reports have shown that irradiation of the breast/chest wall with supraclavicular field leads to an increased incidence of SRP [@B18], [@B19]. A retrospective study of 613 patients found that the incidence of SRP was higher in patients receiving loco-regional RT compared to those treated only with local RT (4.1% vs. 0.9%, respectively) [@B18]. A meta-analysis also found that supraclavicular field irradiation significantly affects the incidence of SRP (odds ratio = 5.07; 95% CI = 1.95-13.22) [@B19]. Similar to previous reports, our results showed that the incidence of SRP was 3.7% for all patients and that local-regional irradiation was associated with a higher incidence of SRP (5.0%, 13/259) compared with simple local irradiation (2.3%). In previous studies, the radiologic-induced inflammation was more likely to appear in the lung apex than in other regions following loco-regional RT [@B17]. However, in the local-regional irradiation group in the present study, SRP mainly occurred in the lung body: the incidence of SRP was 3.9% and 1.5% in the lung body and lung apex, respectively. This difference could be due to the improvement of technology for breast cancer RT. In the past, postoperative RT was generally applied to the breast/chest wall as well as to the lymph nodes in the axilla, supraclavicular. It led to a higher degree of apical lung exposure [@B2]. Furthermore, in the past, conventional RT (for which 3D dose distributions are not available) resulted in high-dose regions at the interface between the tangential and the supraclavicular fields as well as a higher percentage of lung apex volume receiving high doses. These limitations have been effectively resolved with the emergence of 3D-CRT, through which the dose-volume distribution can be directly evaluated and adjusted. In addition, SRP incidence is also correlated with chemotherapy and IMN irradiation. A retrospective study of 1,624 patients receiving RT after BCS showed that the incidence of SRP was higher in patients who received chemotherapy compared to those without chemotherapy (3% vs. 0.5%, respectively, *p* = 0.0001). When patients received local-regional irradiation with concurrent chemotherapy, the incidence of SRP was 8.8% compared with 1.3% for patients receiving sequential chemoradiotherapy (*p* = 0.002) [@B20]. Since concurrent chemoradiotherapy is no longer advocated for the combined therapy of BC, the patients in this study were treated with sequential chemoradiotherapy. Thus, the role of IMN irradiation in patients with positive axillary lymph nodes remains controversial. Choi *et al.* [@B21] reported that SRP occurred in 6.5% of patients who underwent IMN irradiation and in 3.3% of patients without IMN irradiation (*p* = 0.047) and considered that IMN irradiation resulted in increased radiation exposure to the lung and a higher risk of developing SRP. Therefore, it is important to carefully select patients for treatment with IMN irradiation and adopt more accurate radiotherapy technology in clinical practice. In our study, the proportion of patients receiving IMN irradiation was only 5.8% (15/259).

It is important to reduce the incidence of SRP in BC by taking preventive measures based on the above-discussed clinical features. There is a critical need to explore the effective value of DVH parameters in predicting SRP and guiding the design and evaluation of treatment planning. In a 1991 report published by the Photon Treatment Planning Collaborative Working Group, the bilateral lung was treated as a single organ, and data on tolerance doses were gathered primarily from patients with intrathoracic tumours, such as lung cancer, oesophageal cancer, or Hodgkin\'s disease [@B22]. Therefore, previous studies examining SRP have also treated the bilateral lung as a single critical organ in the evaluation of treatment planning, and V20 was used as an indicator to predict SRP risk [@B23]-[@B26]. A study of 99 patients with inoperable non-small cell lung cancer found that V20 was an independent predictor of SRP in multivariate analysis; the incidence of SRP was 0%, 7%, 13% and 36% in patients with V20 values \< 22%, 22-31%, 32-40%, and \> 40%, respectively. Severe (≥ grade 3) pneumonitis emerged when V20 \> 32% [@B25]. Asakura *et al*. [@B26] analysed 37 oesophageal cancer patients treated with definitive concurrent chemoradiotherapy and found that the optimal V20 threshold to predict SRP was 30.5% according to ROC curve analysis. The incidence of grade ≥ 2 SRP was 64.3% in patients with V20 ≥ 30.5% and 17.4% in patients with V20 \< 30.5%. Some studies have shown that V30 is also highly correlated with SRP [@B27]-[@B29]. A retrospective analysis of 201 lung cancer patients who underwent 3D-CRT showed that V30 was independently associated with SRP (*p* = 0.003); the incidence of SRP was 6% and 24% in patients with V30 values ≤ 18% and \> 18%, respectively [@B27]. In patients with intrathoracic tumours, the irradiated region tends to be more central and involve the bilateral lungs, whereas in BC, the region irradiated with tangential fields is generally thin and peripherally located in the ipsilateral lung. Therefore, the lung DVH criteria used to evaluate SRP risk in RT treatment planning for intrathoracic tumours may not be directly applicable to BC. Kutcher *et al*. [@B30] reported that it appears adequate to consider paired organs as either one unit or as entirely independent units. Therefore, this study treated the ipsilateral lung as an independent organ to explore the dose-volume predictors of SRP for BC. According to previous studies, there is a correlation between increasing V20 value and SRP [@B9], [@B31], [@B32]. Lind *et al*. [@B9] analysed the relationship between dosimetric factors and SRP in the ipsilateral lung with ROC curve analysis in 128 patients with early-stage BC after postoperative RT. They found that V20, age, and reduced pre-RT functional level were independently related to SRP, and the area under the ROC curve of V20 was 0.69 in all patents and increased to 0.76 in patients \< 55 years old. In the present study, both the V20 and the V30 of the ipsilateral lung were independently associated with SRP in the local-regional irradiation group, and the ROC areas and optimal thresholds for SRP in relation to V20 and V30 were 0.766 and 0.782 and 39.8% and 25.7%, respectively. Furthermore, in the simple local irradiation group, V20 was the only independent predictor associated with SRP. The ROC area for V20 was 0.885, and the optimal threshold was 20.2%. The present findings suggest that V20 may be an effective evaluation indicator to predict SRP for early-stage BC receiving only tangential irradiation of the breast/chest wall. Moreover, V30 will obviously increase when patients need to receive additional supraclavicular (± IMN) field irradiation, as this will give rise to a larger lung exposure volume. Thus, it is necessary to consider V30 when designing and evaluating treatment planning in this situation. Therefore, for patients receiving local-regional irradiation, we recommend the use of ipsilateral lung V20 \< 39.8% and V30 \< 25.7% for the overall evaluation of radiotherapy planning and the use of ipsilateral lung V20 \< 20.2% for further evaluation of the breast/chest wall tangential fields alone. In addition, some recent studies of intrathoracic tumours also found that the risk of SRP significantly correlated with low dose-volume metrics (such as V5, V10, and V13) [@B33], [@B34]. Schallenkamp *et al*. [@B35] considered that larger lung volumes treated with lower doses may be more critical in predicting SRP than smaller volumes treated with higher doses, and suggested that the radiation of intrathoracic tumours should be planned with caution, especially when using IMRT delivering low radiation doses to large lung volumes. By contrast, in BC, the region irradiated with tangential fields is thin and peripherally located in the ipsilateral lung. Moreover, the lung apex is irradiated in the supraclavicular field, and the general belief is that structural changes of a similar volume in the lung apex have less consequence for whole-lung function than those in the centre or base of the lung because of regional physiologic differences in perfusion and ventilation [@B17]. In agreement with this, the present study did not identify V5 or V10 as independent predictors of SRP.

We recognize that this study has certain limitations. It is a retrospective analysis, and therefore there may be an inherent selection bias due to the limited number of cases available at a single institution. Larger prospective clinical studies are expected to provide a higher level of evidence.

Conclusions
===========

In summary, with the popularity of 3D-CRT, SRP has become a rare complication with mild symptoms and occurs mainly in the lung body. Our findings suggest that a V20 threshold of 39.8% and a V30 threshold of 25.7% for BC patients receiving local-regional irradiation and a V20 threshold of 20.2% for patients receiving simple local irradiation of the ipsilateral lung are the optimal cut-offs for predicting SRP. However, caution should be taken when using these thresholds, as they were derived from a limited number of patients and need further confirmation in a larger sample of BC patients receiving ipsilateral RT. In addition, with new technologies such as IMRT and hypofractionated RT being increasingly applied for BC, additional studies of corresponding dose-volume parameters should be performed to better guide clinical practice.
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###### 

Multivariate analysis of dosimetric parameters potentially associated with symptomatic radiation pneumonitis (SRP).

  Factors                      Odds ratio   95% CI        *p* value
  ---------------------------- ------------ ------------- -----------
  Local-regional irradiation                              
  V20 (%)                      1.152        1.014-1.308   0.030
  V30 (%)                      1.439        1.036-2.000   0.030
  Simple local irradiation                                
  V20 (%)                      1.351        1.139-1.603   0.001

###### 

Univariate analysis of dosimetric parameters potentially associated with symptomatic radiation pneumonitis (SRP).

                                 Local-regional irradiation   Simple local irradiation                                               
  ------------------------------ ---------------------------- -------------------------- --------- ---------------- ---------------- ---------
  V5 (%)                         58.86±8.28                   46.35±13.88                \<0.001   38.05±12.35      25.89±6.13       \<0.001
  V10 (%)                        48.15±9.32                   36.64±12.17                0.001     29.54±8.76       19.64±5.06       \<0.001
  V20 (%)                        41.97±11.77                  29.59±11.44                \<0.001   21.88±4.83       14.77±3.96       \<0.001
  V30 (%)                        27.27±5.30                   20.23±6.86                 \<0.001   17.71±4.51       11.78±3.74       \<0.001
  V40 (%)                        17.92±7.08                   11.81±5.90                 \<0.001   12.09±4.92       8.13±3.25        0.004
  D~mean~ (cGy)                  1911.84±422.81               1423.04±460.89             \<0.001   1397.38±310.39   979.19±372.71    0.007
  D~max~ (cGy)                   5870.11±537.17               5740.25±369.88             0.230     5762.67±407.69   5462.21±473.40   0.125
  Ipsilateral lung volume (cc)   1351.24±320.77               1219.58±285.42             0.108     1270.94±200.08   1180.44±273.42   0.665
  Bilateral lung volume (cc)     2602.17±762.56               2373.93±479.50             0.306     2326.05±576.79   2328.45±458.54   0.792
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